Droplet entrainment within the evaporator to the suitable volume-filling ratio of a vertical two-phase closed thermosyphon by Zhang, T. et al.
International Journal of Thermal Sciences
 





Article Type: Research Paper
Keywords: Numerical study;  nucleate boiling film evaporation;  volume-filling ratio;  Heat Transfer;
Two-phase closed thermosyphon
Corresponding Author: Tao Zhang
Shanghai University of Electric Power
Shanghai, CHINA
First Author: Tao Zhang






Abstract: The present study on vertical two-phase closed thermosyphon (TPCT) is aimed to
determine the suitable volume-filling ratio, as a function of geometries, heat flux and
vapor temperature, in order to avoid the potential local dryout in the evaporator section
and hence to maximize the performance. In the study, the droplet entrainment, which is
caused by the internal counter flow during the nucleate boiling within the falling liquid
film in the evaporator section, is introduced to improve the existing TPCT model, so a
comprehensive model with considering all three heat transfer regimes in the
evaporator is further established. The suggested lower and upper limits of volume-
filling ratio (CFR and EFR) are then determined by utilizing the criterias for local dryout,
flooding limit and boiling limit. Furthermore, the effects of geometries, heat flux and
vapor temperature on the range of volume-filling ratio are analyzed in details, a
simplified correlation of CFR is then proposed based on the numerical modeling
results. Particularly, the predictions of the distribution of falling film thickness and onset
of flooding are validated with the published experimental data and other numerical
simulation results. It is also found that the droplet entrainment significantly influences
the thickness and distribution of the falling film. Increasing vapor temperature and inner
diameter and decreasing the evaporator length significantly enlarge the volume-filling
ratio range (between CFR and EFR), operation envelope (corresponding to boiling limit
and flooding limit) of TPCT. Increasing the condenser length increases the volume-
filling ratio range and operation envelope to a small extent. The influence mechanisms
of the optimum filling ratio by the heat flux and geometries are complicated; however, a
correlation of CFR can be obtained in a good agreement with the numerical modeling
results within 30% deviation for the whole limited scope.
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Abstract: The present study on vertical two-phase closed thermosyphon (TPCT) is 
aimed to determine the suitable volume-filling ratio, as a function of geometries, heat 
flux and vapor temperature, in order to avoid the potential local dryout in the 
evaporator section and hence to maximize the performance. In the study, the droplet 
entrainment, which is caused by the internal counter flow during the nucleate boiling 
within the falling liquid film in the evaporator section, is introduced to improve the 
existing TPCT model, so a comprehensive model with considering all three heat 
transfer regimes in the evaporator is further established. The suggested lower and 
upper limits of volume-filling ratio (CFR and EFR) are then determined by utilizing 
the criterias for local dryout, flooding limit and boiling limit. Furthermore, the effects 
of geometries, heat flux and vapor temperature on the range of volume-filling ratio are 
analyzed in details, a simplified correlation of CFR is then proposed based on the 
numerical modeling results. Particularly, the predictions of the distribution of falling 
film thickness and onset of flooding are validated with the published experimental 
data and other numerical simulation results. It is also found that the droplet 
entrainment significantly influences the thickness and distribution of the falling film. 
Increasing vapor temperature and inner diameter and decreasing the evaporator length 
significantly enlarge the volume-filling ratio range (between CFR and EFR), 
operation envelope (corresponding to boiling limit and flooding limit) of TPCT. 
Increasing the condenser length increases the volume-filling ratio range and operation 
envelope to a small extent. The influence mechanisms of the optimum filling ratio by 
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the heat flux and geometries are complicated; however, a correlation of CFR can be 
obtained in a good agreement with the numerical modeling results within  30% 
deviation for the whole limited scope. 
Keywords: two-phase closed thermosyphon; volume-filling ratio; numerical study; 
heat transfer; nucleate boiling film evaporation. 
Nomenclature    
Cp Specific heat, J/(kg•K) b Boiling 
D Diameter, m bl Boiling limit 
g Acceleration of gravity, m/s2 con Condenser section 
h Convective heat transfer coefficient, 
W/(m2•K) 
CC-F Combined convection film 
evaporation 
hfg Latent heat, kJ/kg eva Evaporator section 
k Heat conductivity coefficient, W/(m•K) ef Flim of Evaporator 
L Length, m ep Pool of Evaporator 
m Mass,kg i Interfacial or inner 
Nu Nusselt number,- l Liquid 
P Pressure, Pa LC-F Laminar convection film 
evaporation 
Pr Prandtl number, - NB-F Nucleate boiling film evaporation 
q Heat flux, W/m2 p Pool 
R Heat transfer resistance, oC/W s Saturated vapor 
Re Reynolds number, - v Vapor 
Rex Liquid film local Reynolds number, - w Wall 
Rel Liquid film Reynolds number, - x Local 
Ref Liquid film Reynolds number at the onset 
of flooding, - 
  
T Temperature, oC or K Greek symbol  
u Velocity of x-axis, m/s μ Dynamic viscosity, Pa•s 
v Velocity of y-axis, m/s ρ Density, kg/m3 
V Volume, m3 ν kinematic viscosity, m2/s 
x x-axis or distance from zero of x-axis τ Shear stress, N/m2 
y y-axis or distance from zero of y-axis δ Thickness, m 
  Г Mass flow rate per unit perimeter, 
kg/(m•s) 
Abbreviations  α Void fraction,- 
CFR Critical volume-filling ratio σ Surface tension, N/m 
EFR Volume-filling ratio when evaporator is 
fulfilled replenished 
Ф Power throughput, W 
TPCT Two-phase closed thermosyphon   
VFR Volume-filling ratio superscript  
  * Dimensionless 
Subscripts  ― Average 
a Adiabatic section   
1 Introduction 
The two-phase closed thermosyphon (TPCT), which is essentially a 
gravity-assisted wickless heat pipe, has emerged as the most appropriate thermal 
control solution due to their low cost and excellent heat transfer capabilities [1]. The 
internal flow of TPCT is normally assumed as an annular, countercurrent and 
two-phase flow, which consists of many complex physical processes.  
Performance of a TPCT is significantly affected by geometries, temperature, 
volume-filling ratio, inclination angle and working fluid. Among these factors, the 
volume-filling ratio (VFR) is deemed of great important, because it can directly 
determine whether the TPCT functioning well [2-4]. An operation and design concern, 
however, is determining the VFR of the working fluid, as a function of TPCT 
dimensions, the power or heat flux throughput, type and vapor temperature of the 
working fluid, to maximize the TPCT performance.  
The suggested filling ranges for the TPCT are mostly obtained through 
experiments. Imura et al [5] suggested that the optimum VFR ranged between 1/5-1/3 
of the evaporation volume, while 1/5 should be taken for a tube with a smaller 
diameter and 1/3 for a larger diameter. The results of Imura et al [5] were similar to 
that of Harada et al [6], in whose work the optimum VFR between 0.25-0.30 was 
suggested. However, the results from Feldman et al [7] suggested that the optimum 
VFR should be 18%-20% of the whole volume of TPCT. Negishi and Sawada [8] 
suggested that the optimum VFR ranged between 25%-60% and 40%-75% of the 
evaporation volume for water and ethanol, respectively. There are also many other 
experiments involve the influences of VFR to the thermal performances [9-11], 
however, the results vary from each other. 
The numerical models employed to explore the optimum VFR and heat transfer 
characteristic of TPCT are usually assumed that the heat transfer process within TPCT 
can be divided into three sub-processes, namely pool boiling, filmwise evaporation 
and filmwise reflux condensation [12,13]. For different heat transfer regimes and 
VFRs, three flow patterns and two transitions were introduced by Jiao et al [14]. To 
ensure functional operation, a potential dryout within the falling liquid film, namely 
local dryout, in the evaporator section should be avoided. The local dryout will result 
in the temperature rising within the evaporator and thereby decreases the thermal 
performance. On the other hand, a high VFR, although can avoid liquid film dryout in 
the evaporator, should be also avoided because of two reasons. Firstly, it significantly 
degrades the TPCT performance, because the heat transfer coefficient of the liquid 
film is significantly (more than an order of magnitude) higher than that of the pool 
boiling [15]. Secondly, the two-phase mixture could be extended into the condenser 
under high VFR, which leads to the heat transfer deterioration within the condenser 
and the periodic burst boiling within the evaporator.  
 
Fig.1 A schematic of TPCT 
However, as suggested in [15], one should lengthen the liquid film length to 
achieve a better heat transfer performance. As shown in Fig.1, the liquid film length 
takes the highest value when the liquid film thickness in the evaporator taking the 
minimum value, below which the liquid film will dryout. Correspondingly, the VFR 
takes the smallest value while the heat transfer coefficient takes the highest value 
under this condition. VFR under this condition is also defined as the lower boundary 
of the filling envelope and CFR by El-Genk et al [16] and Jiao et al [14,17], 
respectively. While the liquid film length takes the smallest value, that is zero, when 
the evaporator is full of working liquid. VFR under this condition is defined as the 
upper boundary of the operation envelope and EFR, respectively, by above two 
researchers. It is also identified as the maximum VFR for stable operation. 
Correspondingly, the heat transfer coefficient takes the smallest value under this 
condition. In conclusion, a satisfactory state of VFR is situated between CFR and 
EFR. 
Based on the three sub-processes, El-Genk et al [16] and Jiao et al [14,17] 
numerically studied the filling ranges of TPCTs; while Shabgard et al[18] numerically 
studied the thermal characteristics of TPCT under different VFRs. According to the 
results of El-Genk et al [16] and Jiao et al [14,17], CFR and EFR of TPCT are 
affected simultaneously by geometries of TPCT and vapor temperature. This is also 
the reason why the experimental results vary from each other. 
However, as shown in Fig.2, Cerza et al [19, 20] found bubble growing and 
boiling in the falling liquid films in evaporator, and El-Genk et al [15] then sorted the 
heat transfer regimes within the falling liquid film into three patterns. In particular, 
under the high heat flux, the growing vapor bubbles burst at the liquid-vapor interface, 
dispersing tiny droplets of liquid into the vapor flow. Bubble nucleation at the wall 
and entrainment of tiny liquid droplets in the vapor flow lead to the enhancement of 
heat transfer and decrement of film thickness in the evaporator at the same time. 
 
Fig.2 A schematic of the different heat transfer regimes of falling liquid film in a TPCT (reprint 
from El-Genk et al [15]) 
To the authors’ best knowledge, as illustrated on the left side of Fig.2, most of the 
previous numerical models were established on the basis that the heat transfer regime 
of the falling liquid film in the evaporator is laminar convection film evaporation. 
However, the droplet entrainment from the falling liquid film, which is caused by 
nucleate boiling, will shorten the length of the liquid film under some circumstances 
and further significantly influences the CFR of TPCT. Further efforts are required to 
discover the certain impacts. Therefore, in the present study, the entrainment rate, 
which is caused by the countercurrent vapor flow during the nucleate boiling within 
the falling liquid film, is introduced to improve the previous TPCT models. A 
governing equation is developed for the nucleate boiling filmwise evaporation; based 
on that, a comprehensive model with considering all the three heat transfer regimes in 
the evaporator is further established. The suggested CFR and EFR are then 
determined and updated by utilizing the criterias for local dryout, flooding limit and 
boiling limit; and the effects of geometries and temperature on the filling range are 
further analyzed in detail. Finally, a simplified correlation for CFR, based on the 
predicted data from the present model, is proposed. 
2 Mathematical model 
The physical model for the TPCT, as shown in Fig.1, can be divided into three 
sections: a condenser, an evaporator and an adiabatic section. Normally, changes of 
mass and momentum are ignored within the adiabatic section. The governing 
equations, therefore, mainly consist of the liquid film and the liquid pool. Modeling of 
the TPCT is established on the basis of following assumptions that have been 
well-accepted: (1) temperature within the liquid film is uniform in the y-axis, physical 
properties are therefore uniform too; (2) Since the film thickness is much less than the 
tube radius, the curvature effect is negligible and the effects of convective term in 
momentum and energy equations are negligible; (3) compressibility of the vapor is 
negligible. 
2.1 Reflux film condensation and laminar convection film evaporation 
Fig. 3 shows the energy balance of a segment of falling film in the condenser. 
Based on the above assumptions, the governing equations of mass, momentum and 
energy for a representative elemental volume within the liquid film are (It is noted 
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Fig.3 The energy balance of representative elemental volume in the laminar liquid film of the 
condenser 
According to simulation results of Shabgard et al[18], the vapor pressure and the 
vapor temperature vary little along the falling film, especially under the CFR 
conditions. Meanwhile, simulation results of different variables were very close when 
pressure gradient was considered or not. Therefore, the axial pressure gradient is also 
ignored in the governing equations. 
The associated boundary conditions (constant heat flux boundary condition ) are: 
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Integrating the governing equations and boundary conditions yields: 
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The shear stress at the liquid-vapor interface, i , which consists of viscous shear 
stress, f , and dynamic shear stress, m , can generally be calculated as: 
 
 2 ( )
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（13） 
where fiC is the friction coefficient and its value can be referenced to Yang [21]. The 
plus and minus signs on the right-hand-side of Eq.(9) account for the effect of 
condenser and evaporator at the liquid-vapor interface, respectively [22]. 
The heat transfer coefficients of the film condensation and laminar convection 
film evaporation are defined as [12, 13]: 
lkh

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2.2 Nucleate boiling film evaporation and combined convection film evaporation 
As shown in Fig. 2, laminar convection film evaporation occurs under the low 
heat fluxes. In this regime, the liquid film has a progressively decreasing thickness 
along the evaporator under the interaction of vaporization and interfacial shear stress. 
However, under the high heat fluxes, nucleate boiling occurs within the falling liquid 
film. Bubbles grow in the falling liquid film and continue to grow as they are swept 
from their nucleation sites until they burst at the liquid-vapor interface and disperse 
tiny droplets into the vapor flow. The bubbles are continuously growing, sliding and 
dispersing during the nucleate boiling film evaporation. Heat transfer regime situated 
between laminar convection and nucleate boiling is named combined convection, in 
which bubbles are growing and sliding but not splashing. 
The vapor bubbles bursting at the liquid-vapor interface disturbs the shear stress 
at the liquid-vapor interface and further weaken the decisive effect of shear stress on 
the thickness of the liquid film. The authors assume that the decisive effect is replaced 
by the droplet entrainment under this condition. Besides, bubbles growing and sliding 
within the liquid film must also muss up the falling flow pattern of the liquid film; 
thus, additional with the last assumption, the change of the flow velocity of the liquid 
film, along the evaporator, is further neglected in the present study; furthermore, since 
the liquid film thickness is much less than tube inner diameter, influences of bubbles 
to the mass and thickness of the liquid film are negligible. For the nucleate boiling 
film evaporation, the equations can be expressed as: 
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where eb is the entrainment rate caused by the internal countercurrent flow, it can be 
calculated as [23]: 
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The thickness of liquid film under the combined convection film evaporation is 
assumed as the average value of laminar convection film evaporation and nucleate 
boiling film evaporation, that is: 
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The heat transfer regimes and heat transfer coefficients within the liquid film are 
respectively classified and calculated by El-Genk et al [15]: 
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where mI  is the bubble length scale, m; fN  is the viscosity number. The film 
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                   (28) 
Introducing the droplet entrainment to improve the existing TPCT model and 
further to modify the existing CFR and the thermal resistance of TPCT are firstly 
attempted by the present study. Therefore, simplifications and assumptions are set to 
enable the implementation of the present model. The limitation and rationality are 
suggested as following: 
Firstly, one can make certain the heat transfer regime within the falling film 
according to Eqs.(21-23). Under the fully developed entrainment region, that is under 
the relatively high heat flux, the bubbles growing in the falling liquid film influence 
the mass of the liquid film like that in the pool boiling and influence the thickness of 
liquid film at the same time. However, the bubbles burst at the liquid-vapor interface 
and disperse tiny droplets into the vapor flow. Meanwhile, considering that the liquid 
film thickness is much less than the tube inner diameter and the bubbles burst rapidly. 
The influences have been diminished when the entrainment rate is included in the 
governing equations (see Eqs.(17-18)). Therefore, under the fully developed 
entrainment region, the assumptions are relatively reasonable. 
However, the present model has limitations under the low heat flux conditions, 
especially under the combined convection film evaporation. For conditions with very 
small entrainment rate or the developing entrainment regions (transition regime), Ishii 
and Kataoka [24] and Kataoka et al [25] proposed the correction factors which were 
smaller than 1 to amend the influence. But the correction factor is ignored in the 
present study on the premise that firstly, the entrainment rates are already small in 
these cases. Furthermore, droplet entrainment captured by equation (19) has a 
relatively large uncertainty under low heat fluxes. For the combined convection film 
evaporation, the bubbles are growing and sliding but not splashing. Like that in pool 
boiling, their influences to the mass and thickness of liquid film can not be ignored. 
However, to the authors’ best knowledge, theoretical models or semi-empirical 
correlations to estimate the geometries and amount of the bubbles are rare. Therefore, 
thickness of liquid film under the combined convection film evaporation is assumed 
as the average value of that under the laminar convection film evaporation and 
nucleate boiling film evaporation (see Eq.(20)). The latter is employed to reflect the 
mass reduction caused by bubbles. In a word, as validated by the simulation results, 
results under the developing entrainment regions and the combined convection film 
evaporation are close to the laminar convection film evaporation and the previous 
studies. 
2.3 Liquid pool 
The heat transfer regime within the liquid pool is usually perceived as nucleate 
boiling. However, based on the variation of wall heat flux, there are also three heat 
transfer regimes in liquid pool, namely natural convection, combined convection and 
nucleate boiling. Owing to the complexity of heat transfer in the liquid pool, 
well-accepted empirical correlations for the heat transfer coefficients, which were also 
proposed by El-Genk et al [26], are employed in the present study. However, the 
equations are not listed in this paper. 
Plenty of bubbles generate in the liquid pool during the pool boiling, their 
influences on calculating the liquid mass within the elemental volume, as well as on 
calculating the height of liquid pool, cannot be ignored. Void fraction is introduced to 
take this effect into account. The local void fraction, given by the drift flux model [27], 
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where C0 is the distribution coefficient; ( )vj x  is the local superficial velocity of 
vapor, m/s; vjV  is the area average local drift velocity, m/s. These three variables can 
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The dimensionless vapor drift velocity in Eq.(32), 
vjV
 , is in terms of the liquid 
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2.4 Criterias 
In the numerical models of El-Genk et al [16] and Jiao et al [17], the critical film 
thickness was introduced, beyond which a film dryout could occur. The length of the 
liquid film in the evaporator is thus determined on the basis of that. However, in the 
present study, since the liquid film has a probability to burst during the nucleate 
boiling film evaporation. Therefore, the critical mass flow rate is used instead. It is 
hypothesized that if the mass flow rate decreases to 1% of its initial value (exit of 
condenser), the bubbles are certain to burst [28]: 











       （38） 
The flooding limit and boiling limit also preclude a TPCT from operating well. 
The boiling limit in thermosyphon is due to the film boiling, which occurs when a 
vapor film forming between the pipe wall and the liquid in the evaporator [29]. 
Correspondingly, the onset of boiling is assumed as the flow regime turns from churn 
flow to annular within the pool. Therefore, the criterion of flow pattern rather than the 
empirical equations is employed to predicate the onset of boiling, which can be 
expressed as [30]: 
 








      
 (39) 
where *
vjV  is the modified Froude number. 
Flooding occurs when the upward velocity of the vapor is high enough to prevent 
the liquid film from flowing back to the evaporator due to the shear stress at the 
interface of the countercurrent liquid–vapor flow. It has been confirmed by 
visualization experiments [31] and numerical studies [22] that the onset of flooding 
occurs first at the exit of the condenser. Therefore, the onset of flooding, based on the 
numerical model, can be expressed as: 
0
conx
     （40） 
Based on the governing equations and criterias, the distribution of the thickness 
of the liquid film, as well as the void fraction and the height of the liquid pool, can be 
finally determined. The CFR, EFR and thermal resistance can also be further 
determined. The total mass of working fluid, which consists of the liquid films in the 
condenser and evaporator, the liquid pool in the evaporator and the vapor in the whole 
TPCT, can be expressed as: 
2 2 2
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The VFR of TPCT is expressed as: 
 c ef ep a
v eva




                     (45) 
The effective heat transfer coefficient of the evaporator is expressed as El-Genk 







           （46） 
The overall thermal resistance of the TPCT is expressed as: 
1 1
eva i eva con i con
R
h D L h D L 
     （47） 
TPCT operates unstably when boiling limit and flooding limit occurs. According 
to Jiao et al [17], heat flux corresponding to the onset of boiling is smaller than that of 
the flooding limit. The VFR and the operation envelope between that interval, 
therefore, is not recommended, correspondingly. 
3 Model validation 
Based on the numerical model of TPCT, one can conclude that the VFR and the 
thermal resistance are mainly determined by liquid film thickness, liquid film length, 
height of liquid pool, heat flux throughput, void fraction of liquid pool and the heat 
transfer coefficients of liquid film and liquid pool. The latter three are calculated 
through empirical correlations in the present study, while the height of the liquid pool 
can be easily obtained based on the length of the liquid film. Therefore, the liquid film 
thickness along the TPCT and the heat flux play the most important roles. In the 
following, the liquid film thickness along the TPCT and the onset of flooding are 
compared and validated with the published literatures, respectively. 
Fig.4 shows the comparisons of the distributions of liquid film thickness along 
the TPCT with the same thermal boundary conditions. In the present study, two 
simulated results are compared with Shabgard et al [18]. The first one is based on the 
normal processing mode. That is, assuming that the heat transfer pattern within the 
falling liquid film in the evaporator is laminar convection film evaporation, and film 
thickness is mainly determined by interfacial shear stress. The other one is based on 
developed model on section 2.1 and 2.2, droplet entrainment is additionally 
considered in nucleate boiling film evaporation. 
 
Fig.4 Comparisons of liquid film thickness with Shabgard et al [18] 
According to Eqs. (21-28), the heat transfer regime of the falling liquid film 
within the evaporator in Shabgard et al [18] is nucleate boiling film evaporation. Fig.4 
shows that the curve without considering the droplet entrainment agrees well with that 
of Shabgard et al [18], except the points at the very end of evaporator. The film 
thickness increases and decreases like a parabola along both the condenser and 
evaporator. However, when considering the droplet entrainment, the film thickness 
linearly decreases in the evaporator. 
Fig.5 compares the numerical calculated dimensionless liquid film thickness 
( 2
iD
 ), as a function of the Reynolds number, with the experimental data. The 
maximum film Reynolds number indicates the onset of flooding. The results show 
that the predictions of the present model are in excellent agreement with the 
experimental data of Reed et al [32]. At the same time, the maximum value of the 
Reynolds number, which is 129.9 predicted by the present model, agrees well with the 
values predicted by the models of El-Genk et al [22] and Reed et al [12] (~125 and 
~145, respectively). According to the analysis of El-Genk et al [22], the higher value 
from Reed et al [12] is due to the neglecting contribution of the dynamic shear stress. 
 
Fig.5 Comparison of present and Reed et al’s experimental data [30] for the CCFL at the exit of 
the condenser 
In Fig.5, the mean error of the film thickness between the present model and the 
Shabgard et al’s model [18] is 4.58%. From Fig.5, the error of the Reynolds number at 
the onset of flooding between the present model and the El-Genk et al’s model [22] is 
3.92%. Hence, the predictions of the two most important variables in determining the 
VFR and thermal resistance, which are heat flux at the onset of flooding and thickness 
distribution of the liquid film, are reasonable; the deprecated region, which is the heat 
flux interval between onset of boiling and the onset of flooding, is also reliable. 
4 Results and Discussion 
For the numerical simulation of the CFR, EFR and thermal resistance of TPCT 
under various heat fluxes, a copper-water TPCT with the dimensions similar to 
authors’ previous work [33] is selected. The sealed filling range of a vertical TPCT 
under various heat fluxes is shown in Fig.6. As labeled in Fig.6, CFR and EFR are the 
lower and upper boundaries of the envelope, respectively. Since the relative position 
of CFR and EFR is stable, the labels are omitted in the subsequent paragraphs. The 
curves of CFR and EFR are confined by the minimum and the maximum heat fluxes. 
The maximum heat flux corresponds to the onset of the flooding. The minimum heat 
flux is set as 2500W/m2 in the present study. And then the envelope is diced by the 
boiling limit. The semi-trapezoid region between the boiling limit and the flooding 
limit is the deprecated region for practical operation. 
 
Fig.6 The sealed filling range of a vertical TPCT 
As shown in Fig.6, firstly, the EFR decreases while the CFR increases, with 
increasing the heat flux; secondly, the difference between EFR and CFR decreases 
with increasing the heat flux; the trends agree well with Jiao et al [14]. The decrease 
of EFR is resulting from the increase of void fraction in the liquid pool. However, the 
determining of CFR is relatively complex, which have to be expected with additional 
evidences, see Fig.7. 
Under the conditions of CFR and EFR, variations of the liquid film thickness at 
the exit of the condenser, the height of the liquid pool and the thermal resistance are 
presented in detail in Fig.7. It illustrates that the liquid film thickness and the thermal 
resistance gradually increase with increasing the heat flux; while the height of the 
liquid pool slightly increases as heat fluxes below 7500W/m2 and sharply increases 
after that. 
 
Fig.7 Variations of liquid film thickness, the height of liquid pool and the thermal resistance of 
TPCT with increasing the heat flux 
The increase of liquid film thickness is dominantly responsible for the increase 
of thermal resistance. Increasing the heat flux increases the liquid film thickness in the 
condenser but also increases the attenuation of liquid film thickness in the evaporator. 
The interaction of above inhibiting effect is responsible for the slight increase in the 
height of the liquid pool when heat flux below 7500W/m2. When under the high heat 
flux, the heat transfer regime within the falling liquid film in evaporator turns from 
the combined convection to the nucleate boiling. The droplet entrainment participates 
the decrease of film thickness. Meanwhile, the entrainment rate increases with 
increasing the heat flux, which drastically decreases the film thickness and thereby 
sharply increases the height of the liquid pool. The latter is responsible for the 
increase of CFR in Fig.6 and also responsible for the decrease of thermal resistance 
difference between CFR and EFR. 
4.1 Effect of condenser length 
Fig.8 shows the effect of condenser length on the filling range of TPCT, it 
indicates that increasing the condenser length: (1) increases EFR; (2) the value of heat 
flux corresponding to the onset of boiling, however, is constant; (3) increases the 
value of heat flux corresponding to the onset of flooding; (4) CFR curves are 
disordered. However, there are rules to follow. That is, the CFR increases with 
increasing the condenser length until the heat flux reaches the value corresponding to 
half of the onset of flooding. Moreover, CFR has a substantial increase near the 
flooding limit because of the increase of height of liquid pool. 
It is worth noting that increasing the condenser length not only modestly 
decreases the liquid film thickness but also increases the mass of liquid film within 
the condenser, which lead to a small upward moving of the filling range map. 
However, the increase in mass is limited; the changing gradients of CFR and EFR to 
the condenser length are, therefore, negligible. Additionally, combining (2) and (3), 
the proportion of the area corresponding to the deprecated region expands with 
increasing the condenser length. 
 
Fig.8 Effect of condenser length on the filling range of TPCT 
Fig.9 displays the effects of condenser length on the height of the liquid pool and 
the thermal resistance of TPCT. It shows clearly that the thermal resistance decreases 
with increasing the condenser length. It is because the heat fluxes at the condenser 
decrease with increasing the condenser length, which leads to the decreases of liquid 
film thickness within the condenser and evaporator and further increases the heat 
transfer coefficients at these two regions. Besides, under the same heat flux, the height 
of the liquid pool decreases with increasing the condenser length (see from the inset 
figure on the top right corner), which further decreases the thermal resistance of TPCT. 
However, the maximum height of liquid pool at CFR seems rule-less with increasing 
the condenser length. 
 
Fig.9 Effect of condenser length on the height of liquid pool and the thermal resistance of TPCT 
The effects of condenser length on the TPCT can be summarized as follows: 
increasing the condenser length, despite has no influence to the boiling limit, 
increases both the CFR and EFR and modestly increases the heat flux corresponding 
to the flooding limit.  
4.2 Effect of adiabatic length 
Fig.10 displays the effect of the adiabatic length on the filling range of TPCT, it 
indicates that increasing the adiabatic length increases both the CFR and EFR but 
insignificantly changes the operation area. It is because the adiabatic section is 
assumed as the transition section, in which the parameters unchanged and the thermal 
resistance is therefore unchanged. The mass of liquid film increases with increasing 
the adiabatic length and further increases the CFR and EFR. Similar to the effect of 
condenser length, the filling range map moves upward slightly and the changing 
gradient of CFR and EFR to the adiabatic length is negligible. 
 
Fig.10 Effect of the adiabatic length on the filling range of TPCT 
4.3 Effect of evaporator length 
Fig.11 presents the effect of evaporator length on the filling range of TPCT, it 
indicates that decreasing the evaporator length distinctly increases the useful area of 
the operation envelope and also increases the heat fluxes corresponding to boiling 
limit and flooding limit. Furthermore, increasing the evaporator length lowers the 
CFR to a small extent but elevates the EFR to a modest extent. Under the same heat 
flux, decreasing the evaporator length despite decreases the liquid film thickness; 
however, the decrease of the void fraction within the liquid pool is more decisive. The 
EFR is, therefore, modestly enlarged. For the CFR under the same heat flux, 
decreasing the evaporator length changes the heat transfer regime within the liquid 
film, for example from the combined convection to the laminar convection or from 
the nucleate boiling to the combine convection. The transition of heat transfer regime 
leads to the decrease of attenuation of film thickness, which determines a lower CFR. 
Additionally, the proportion of the area corresponding to the deprecated region also 
expands with increasing the evaporator length. 
 
Fig.11 Effect of evaporator length on the filling range of TPCT 
The effects of evaporator length on the height of the liquid pool and the thermal 
resistance are displayed in Fig.12. It reveals that under the same heat flux, decreasing 
the evaporator length distinctly decreases the thermal resistance at CFR and the height 
of the liquid pool. It is easy to understand the reason for the latter trend. As for the 
former, decreasing the evaporator length decreases both the thickness of the liquid 
film in the condenser and the height of the liquid pool. Both of them contribute to the 
decrease of thermal resistance. Despite the heat transfer coefficient within evaporator 
increases with decreasing the evaporator length, which leads to an increase in the 
thermal resistance, however, the increase is limited.  
Fig.12 also shows that the curves of thermal resistance are disordered at EFR. 
However, similar to the effect of condenser length on the CFR, there are rules to 
follow. That is, the thermal resistance at EFR increases with decreasing the evaporator 
length until the heat flux reaches the value corresponding to half of the onset of 
flooding. Besides, CFR has an evident increase near the heat flux corresponding to 
flooding limit. 
It is worth mentioning that, firstly, although the maximum heat flux apparently 
increases with decreasing the evaporator length, the maximum power throughput (W) 
changes little. The same conclusion can be found in Jiao et al [14]. Secondly, 
decreasing the evaporator length also decreases the shear stress in the evaporator, 
which precludes the attenuation of the liquid film. The interactions of above will lead 
to an impact that the height of the liquid pool equals to zero under low heat fluxes. 
This phenomenon is unique compared with other parameters. 
  
Fig.12 Effect of evaporator length on the height of liquid pool and the thermal resistance of TPCT 
4.4 Effect of the inner diameter of TPCT 
Fig.13 displays the effect of inner diameter on the filling range of TPCT. It 
elaborates that increasing the inner diameter of TPCT significantly increases the area 
of operation envelope. That is, increases the heat fluxes corresponding to boiling limit 
and flooding limit. Such an increase is because increasing the inner diameter of TPCT 
decreases the internal vapor velocity and further lowers the shear stress at the 
liquid-vapor interface. Correspondingly, the boiling limit and flooding limit occur at 
the much higher heat fluxes. Moreover, increasing the inner diameter increases the 
EFR (most of the time) and decreases the CFR, which increases the filling range at the 
same time. The decrease of CFR is caused by the decrease of liquid film thickness, 
while the increase of the EFR is caused by the decrease of void fraction in the liquid 
pool. However, the changing gradient with the inner diameter is different. The 
changing gradient of CFR is more sensitive, the smaller the inner diameter, the bigger 
the gradient; while the changing gradient of EFR is more modest. Additionally, the 
proportion of the area corresponding to the deprecated region shrinks with increasing 
the inner diameter. 
 
Fig.13 Effect of inner diameter on the filling range of TPCT 
There are two additional variations needs to be specially pointed out. Firstly, the 
EFR is not always decreased with increasing the heat flux; there is an increase near 
the end. The smaller the inner diameter, the bigger the increase. Actually, a similar 
trend can also be found in Figs.8,10,11. Such an increase is because increasing the 
heat flux corresponding to the flooding limit increases the void fraction insignificantly 
but increases the liquid film thickness significantly, which consequently raises the 
EFR. Therefore, increasing the condenser length (see Fig.8) and adiabatic length (see 
Fig.10), and decreasing the evaporator length (see Fig.11) and inner diameter (see 
Fig.13), can all magnify the fact. Secondly, the boiling limit disappears as the inner 
diameter bigger than 8.4 mm. It is because the heat fluxes corresponding to the 
boiling limit are higher than that of the flooding limit under these conditions. It further 
infer that the boiling limit, rather than flooding limit, is more sensitive to the inner 
diameter. 
The effects of inner diameter on the height of the liquid pool and the thermal 
resistance are presented in Fig.14. It shows clearly that the thermal resistance 
decreases with increasing the inner diameter. The effect is similar to that of the 
condenser length. Such a decrease is because increasing the inner diameter decreases 
the liquid film thicknesses in both the condenser and evaporator, therefore lowers the 
thermal resistance. Besides, the height of the liquid pool decreases with increasing the 
inner diameter, which further decreases the thermal resistance at CFR. However, the 
maximum height of the liquid pool at CFR, corresponding to the flood limit, seems 
also rule-less with increasing the inner diameter. 
 
Fig.14 Effect of inner diameter on the height of the liquid pool and the thermal resistance of TPCT 
4.5 Effect of vapor temperature 
Fig.15 displays the effect of vapor temperature on the filling range of TPCT. It 
indicates that increasing the vapor temperature also significantly increases the area of 
the operation envelope. That is, increases the heat fluxes corresponding to the boiling 
limit and flooding limit. It is because increasing the vapor temperature causes a 
dramatic plunge in shear stress at the liquid-vapor interface, and further obviously 
increases the heat flux corresponding to flooding limit. Moreover, increasing the 
vapor temperature increases the EFR and decreases the CFR, and therefore increases 
the filling range at the same time. The decrease of CFR can also refer to the dramatic 
plunge in shear stress, because it leads to an evident decrease in liquid film thickness. 
However, the increase of EFR is determined by the decrease of the mean void fraction 
in the liquid pool. Besides, as shown in Fig.15, the gradient of increase in EFR is 
opposite to the gradient of decrease in CFR. That is, when increasing vapor 
temperature, the curves of EFR are receding while the curves of CFR are approaching. 
However, the proportion of the area corresponding to the deprecated region is 
insensitive with increasing the vapor temperature. 
 
Fig.15 Effect of vapor temperature on the filling range of TPCT 
The effects of vapor temperature on the height of the liquid pool and the thermal 
resistance are presented in Fig.16. It shows clearly that the thermal resistance 
decreases with increasing the vapor temperature. Such a decrease is because 
increasing the vapor temperature decreases the liquid film thicknesses in condenser 
and evaporator, therefore lowers the thermal resistance. Besides, the height of the 
liquid pool also decreases with increasing the vapor temperature, which further 
decreases the thermal resistance at CFR. However, the maximum height of the liquid 
pool at CFR, corresponding to the flood limit, seems also rule-less with increasing the 
vapor temperature. 
 
Fig.16 Effect of vapor temperature on the height of liquid pool and the thermal resistance of TPCT 
4.6 Fitting of CFR 
For the applicable CFR, Streltsov [34] developed a simplified correlation, as a 
function of power throughput, geometries of TPCT and thermophysical properties of 
the working fluid, to seek its concrete value. Streltsov [34] assumed that the liquid 
film thickness increased from zero in the condenser, unchanged in adiabatic section, 
decreased in the evaporator and finally decreased to zero at the end of the evaporator. 
Moreover, evaporation process within the liquid film was assumed as the inverse 
process of filmwise condensation. Based on above assumptions, the suggested CFR 
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Ratios between the simulated results by present study and Streltsov [34] are 
displayed in Fig.17, in which the effects of heat flux, evaporator length, condenser 
length and inner diameter are illustrated in detail. One important proviso, the latter 
three are calculated on the basis that the heat flux equals to 5000W/m2. The results 
show that the ratio decreases with increasing the inner diameter and condenser length, 
but increases with increasing the evaporator length. Meanwhile, the ratio is 
significantly influenced by heat flux while modestly influenced by the latter three 
variables. For the former, it is because the height of the liquid pool is significantly 
determined by the heat flux. However, for the latter three, the interactions of 
inhibiting effect mentioned above lead to their modest effects on the ratio. 
 
Fig.17 Comparison of CFR between the present study and Streltsov [32] 
To sum up, for Eq. (48), ignoring the liquid pool in the evaporator (the decisive 
factor of CFR most of the time) and ignoring the interfacial shear stresses in both 
evaporator and condenser limit its applying ranges and make the prediction of CFR 
much smaller than the real situation. However, as mentioned above, the height of the 
liquid pool, as a function of geometries, is ruleless. And, also because of that, the 
authors find it is hard to acquire correlation between the present study and the Eq. 
(48).  
In most cases, the heat fluxes corresponding to the onset of boiling are lower 
than that of the flooding limit. Heat fluxes below the boiling limit are therefore 
suggested in practical applications. A fitting correlation, based on the simulated results 
of present model, is developed by the authors: 
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Note that, when applying Eq.(48), the heat flux corresponding to the boiling limit 
through Eq.(39) should be firstly calculated. However, since the heat fluxes 
corresponding to the boiling limit are smaller than that of the flooding limit when 
inner diameter is bigger than 8.4mm in the present study. The scope of Eq. (49) is 
limited as follows: 
0.3 0.9evaL  , 0.12 0.84conL  , 0.0044 0.0084iD  .  
Additionally, Eq.(49) is proposed on the premise of that the working fluid is 
water and the vapor temperature is 50 ℃.  
 
Fig.18 Comparison of CFR between the numerical study and Eq. (49) 
The comparisons of CFR, which are respectively calculated by simulation and 
Eq. (49), are displayed in Fig.18. The results indicate that, for the whole, the 
agreements are within 30%. However, for the results by varying the adiabatic length 
and evaporator length, the agreements are within 12%. The results vary much when 
varying the condenser length and inner diameter. It may due to the influence 
mechanisms of that two parameters are more complicated; it needs, however, a more 
detailed TPCT model to reveal that. 
5 Conclusions 
There are three heat transfer regimes, in dependence on the heat flux, within the 
falling liquid film in the evaporator of a TPCT. However, only the laminar convection 
film evaporation was generally postulated in the previous works. In the present study, 
the entrainment rate, which is caused by the countercurrent vapor flow during the 
nucleate boiling within the falling liquid film, is considered and introduced; and a 
governing equation is developed for the nucleate boiling filmwise evaporation. Based 
on that, a comprehensive model with considering all the three heat transfer regimes in 
the evaporator is further established. The suggested CFR and EFR are then 
determined and updated by utilizing the criterias for local dryout, flooding limit and 
boiling limit. Effects of geometries and temperature on the filling range are further 
analyzed in detail; a simplified correlation for CFR is finally proposed based on the 
numerical data. The following conclusions can be made: 
1. The predictions of the distribution of film thickness and the onset of flooding are 
in good agreement with the published experimental data and numerical simulation 
results. The droplet entrainment significantly influences the thickness and 
distribution of the liquid film. 
2. A parametric analysis is implemented to investigate the effects of vapor 
temperature, inner diameter and the lengths of the condenser, adiabatic section and 
evaporator, on the filling range and thermal performance. The most important 
influences are those of the vapor temperature, inner diameter and evaporator 
length. Increasing vapor temperature and inner diameter and decreasing the 
evaporator length significantly enlarge the filling range (between CFR and EFR), 
operation envelope (corresponding to boiling limit and flooding limit) and thermal 
performance of TPCT, despite the changes in gradient vary from each other. 
Increasing the condenser length increases the filling range and operation envelope 
to a small extent while increasing the adiabatic length slightly upward the filling 
range. 
3. The influence mechanisms of the optimum filling ratio, namely CFR, by the heat 
flux and geometries are complicated. The height of the liquid pool in the 
evaporator, which is significantly affected by the heat flux, and the interfacial 
shear stress, which is affected by the geometries of TPCT, both contribute to that. 
Within the limited scope, a simplified correlation is proposed by the authors, the 
agreement of the equation with the simulated results is within 30% on the whole. 
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Abstract: The present study on vertical two-phase closed thermosyphon (TPCT) is 
aimed to determine the suitable volume-filling ratio, as a function of geometries, heat 
flux and vapor temperature, in order to avoid the potential local dryout in the 
evaporator section and hence to maximize the performance. In the study, the droplet 
entrainment, which is caused by the internal counter flow during the nucleate boiling 
within the falling liquid film in the evaporator section, is introduced to improve the 
existing TPCT model, so a comprehensive model with considering all three heat 
transfer regimes in the evaporator is further established. The suggested lower and 
upper limits of volume-filling ratio (CFR and EFR) are then determined by utilizing 
the criterias for local dryout, flooding limit and boiling limit. Furthermore, the effects 
of geometries, heat flux and vapor temperature on the range of volume-filling ratio are 
analyzed in details, a simplified correlation of CFR is then proposed based on the 
numerical modeling results. Particularly, the predictions of the distribution of falling 
film thickness and onset of flooding are validated with the published experimental 
data and other numerical simulation results. It is also found that the droplet 
entrainment significantly influences the thickness and distribution of the falling film. 
Increasing vapor temperature and inner diameter and decreasing the evaporator length 
significantly enlarge the volume-filling ratio range (between CFR and EFR), 
operation envelope (corresponding to boiling limit and flooding limit) of TPCT. 
Increasing the condenser length increases the volume-filling ratio range and operation 
envelope to a small extent. The influence mechanisms of the optimum filling ratio by 
the heat flux and geometries are complicated; however, a correlation of CFR can be 
obtained in a good agreement with the numerical modeling results within  30% 
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deviation for the whole limited scope. 
Keywords: two-phase closed thermosyphon; volume-filling ratio; numerical study; 
heat transfer; nucleate boiling film evaporation. 
Nomenclature    
Cp Specific heat, J/(kg•K) b Boiling 
D Diameter, m bl Boiling limit 
g Acceleration of gravity, m/s2 con Condenser section 
h Convective heat transfer coefficient, 
W/(m2•K) 
CC-F Combined convection film 
evaporation 
hfg Latent heat, kJ/kg eva Evaporator section 
k Heat conductivity coefficient, W/(m•K) ef Flim of Evaporator 
L Length, m ep Pool of Evaporator 
m Mass,kg i Interfacial or inner 
Nu Nusselt number,- l Liquid 
P Pressure, Pa LC-F Laminar convection film 
evaporation 
Pr Prandtl number, - NB-F Nucleate boiling film evaporation 
q Heat flux, W/m2 p Pool 
R Heat transfer resistance, oC/W s Saturated vapor 
Re Reynolds number, - v Vapor 
Rex Liquid film local Reynolds number, - w Wall 
Rel Liquid film Reynolds number, - x Local 
Ref Liquid film Reynolds number at the onset 
of flooding, - 
  
T Temperature, oC or K Greek symbol  
u Velocity of x-axis, m/s μ Dynamic viscosity, Pa•s 
v Velocity of y-axis, m/s ρ Density, kg/m3 
V Volume, m3 ν kinematic viscosity, m2/s 
x x-axis or distance from zero of x-axis τ Shear stress, N/m2 
y y-axis or distance from zero of y-axis δ Thickness, m 
  Г Mass flow rate per unit perimeter, 
kg/(m•s) 
Abbreviations  α Void fraction,- 
CFR Critical volume-filling ratio σ Surface tension, N/m 
EFR Volume-filling ratio when evaporator is 
fulfilled replenished 
Ф Power throughput, W 
TPCT Two-phase closed thermosyphon   
VFR Volume-filling ratio superscript  
  * Dimensionless 
Subscripts  ― Average 
a Adiabatic section   
1 Introduction 
The two-phase closed thermosyphon (TPCT), which is essentially a 
gravity-assisted wickless heat pipe, has emerged as the most appropriate thermal 
control solution due to their low cost and excellent heat transfer capabilities [1]. The 
internal flow of TPCT is normally assumed as an annular, countercurrent and 
two-phase flow, which consists of many complex physical processes.  
Performance of a TPCT is significantly affected by geometries, temperature, 
volume-filling ratio, inclination angle and working fluid. Among these factors, the 
volume-filling ratio (VFR) is deemed of great important, because it can directly 
determine whether the TPCT functioning well [2-4]. An operation and design concern, 
however, is determining the VFR of the working fluid, as a function of TPCT 
dimensions, the power or heat flux throughput, type and vapor temperature of the 
working fluid, to maximize the TPCT performance.  
The suggested filling ranges for the TPCT are mostly obtained through 
experiments. Imura et al [5] suggested that the optimum VFR ranged between 1/5-1/3 
of the evaporation volume, while 1/5 should be taken for a tube with a smaller 
diameter and 1/3 for a larger diameter. The results of Imura et al [5] were similar to 
that of Harada et al [6], in whose work the optimum VFR between 0.25-0.30 was 
suggested. However, the results from Feldman et al [7] suggested that the optimum 
VFR should be 18%-20% of the whole volume of TPCT. Negishi and Sawada [8] 
suggested that the optimum VFR ranged between 25%-60% and 40%-75% of the 
evaporation volume for water and ethanol, respectively. There are also many other 
experiments involve the influences of VFR to the thermal performances [9-11], 
however, the results vary from each other. 
The numerical models employed to explore the optimum VFR and heat transfer 
characteristic of TPCT are usually assumed that the heat transfer process within TPCT 
can be divided into three sub-processes, namely pool boiling, filmwise evaporation 
and filmwise reflux condensation [12,13]. For different heat transfer regimes and 
VFRs, three flow patterns and two transitions were introduced by Jiao et al [14]. To 
ensure functional operation, a potential dryout within the falling liquid film, namely 
local dryout, in the evaporator section should be avoided. The local dryout will result 
in the temperature rising within the evaporator and thereby decreases the thermal 
performance. On the other hand, a high VFR, although can avoid liquid film dryout in 
the evaporator, should be also avoided because of two reasons. Firstly, it significantly 
degrades the TPCT performance, because the heat transfer coefficient of the liquid 
film is significantly (more than an order of magnitude) higher than that of the pool 
boiling [15]. Secondly, the two-phase mixture could be extended into the condenser 
under high VFR, which leads to the heat transfer deterioration within the condenser 
and the periodic burst boiling within the evaporator.  
 
Fig.1 A schematic of TPCT 
However, as suggested in [15], one should lengthen the liquid film length to 
achieve a better heat transfer performance. As shown in Fig.1, the liquid film length 
takes the highest value when the liquid film thickness in the evaporator taking the 
minimum value, below which the liquid film will dryout. Correspondingly, the VFR 
takes the smallest value while the heat transfer coefficient takes the highest value 
under this condition. VFR under this condition is also defined as the lower boundary 
of the filling envelope and CFR by El-Genk et al [16] and Jiao et al [14,17], 
respectively. While the liquid film length takes the smallest value, that is zero, when 
the evaporator is full of working liquid. VFR under this condition is defined as the 
upper boundary of the operation envelope and EFR, respectively, by above two 
researchers. It is also identified as the maximum VFR for stable operation. 
Correspondingly, the heat transfer coefficient takes the smallest value under this 
condition. In conclusion, a satisfactory state of VFR is situated between CFR and 
EFR. 
Based on the three sub-processes, El-Genk et al [16] and Jiao et al [14,17] 
numerically studied the filling ranges of TPCTs; while Shabgard et al[18] numerically 
studied the thermal characteristics of TPCT under different VFRs. According to the 
results of El-Genk et al [16] and Jiao et al [14,17], CFR and EFR of TPCT are 
affected simultaneously by geometries of TPCT and vapor temperature. This is also 
the reason why the experimental results vary from each other. 
However, as shown in Fig.2, Cerza et al [19, 20] found bubble growing and 
boiling in the falling liquid films in evaporator, and El-Genk et al [15] then sorted the 
heat transfer regimes within the falling liquid film into three patterns. In particular, 
under the high heat flux, the growing vapor bubbles burst at the liquid-vapor interface, 
dispersing tiny droplets of liquid into the vapor flow. Bubble nucleation at the wall 
and entrainment of tiny liquid droplets in the vapor flow lead to the enhancement of 
heat transfer and decrement of film thickness in the evaporator at the same time. 
 
Fig.2 A schematic of the different heat transfer regimes of falling liquid film in a TPCT (reprint 
from El-Genk et al [15]) 
To the authors’ best knowledge, as illustrated on the left side of Fig.2, most of the 
previous numerical models were established on the basis that the heat transfer regime 
of the falling liquid film in the evaporator is laminar convection film evaporation. 
However, the droplet entrainment from the falling liquid film, which is caused by 
nucleate boiling, will shorten the length of the liquid film under some circumstances 
and further significantly influences the CFR of TPCT. Further efforts are required to 
discover the certain impacts. Therefore, in the present study, the entrainment rate, 
which is caused by the countercurrent vapor flow during the nucleate boiling within 
the falling liquid film, is introduced to improve the previous TPCT models. A 
governing equation is developed for the nucleate boiling filmwise evaporation; based 
on that, a comprehensive model with considering all the three heat transfer regimes in 
the evaporator is further established. The suggested CFR and EFR are then 
determined and updated by utilizing the criterias for local dryout, flooding limit and 
boiling limit; and the effects of geometries and temperature on the filling range are 
further analyzed in detail. Finally, a simplified correlation for CFR, based on the 
predicted data from the present model, is proposed. 
2 Mathematical model 
The physical model for the TPCT, as shown in Fig.1, can be divided into three 
sections: a condenser, an evaporator and an adiabatic section. Normally, changes of 
mass and momentum are ignored within the adiabatic section. The governing 
equations, therefore, mainly consist of the liquid film and the liquid pool. Modeling of 
the TPCT is established on the basis of following assumptions that have been 
well-accepted: (1) temperature within the liquid film is uniform in the y-axis, physical 
properties are therefore uniform too; (2) Since the film thickness is much less than the 
tube radius, the curvature effect is negligible and the effects of convective term in 
momentum and energy equations are negligible; (3) compressibility of the vapor is 
negligible. 
2.1 Reflux film condensation and laminar convection film evaporation 
Fig. 3 shows the energy balance of a segment of falling film in the condenser. 
Based on the above assumptions, the governing equations of mass, momentum and 
energy for a representative elemental volume within the liquid film are (It is noted 
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Fig.3 The energy balance of representative elemental volume in the laminar liquid film of the 
condenser 
According to simulation results of Shabgard et al[18], the vapor pressure and the 
vapor temperature vary little along the falling film, especially under the CFR 
conditions. Meanwhile, simulation results of different variables were very close when 
pressure gradient was considered or not. Therefore, the axial pressure gradient is also 
ignored in the governing equations. 
The associated boundary conditions (constant heat flux boundary condition ) are: 
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The shear stress at the liquid-vapor interface, i , which consists of viscous shear 
stress, f , and dynamic shear stress, m , can generally be calculated as: 
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（13） 
where fiC is the friction coefficient and its value can be referenced to Yang [21]. The 
plus and minus signs on the right-hand-side of Eq.(9) account for the effect of 
condenser and evaporator at the liquid-vapor interface, respectively [22]. 
The heat transfer coefficients of the film condensation and laminar convection 
film evaporation are defined as [12, 13]: 
lkh

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2.2 Nucleate boiling film evaporation and combined convection film evaporation 
As shown in Fig. 2, laminar convection film evaporation occurs under the low 
heat fluxes. In this regime, the liquid film has a progressively decreasing thickness 
along the evaporator under the interaction of vaporization and interfacial shear stress. 
However, under the high heat fluxes, nucleate boiling occurs within the falling liquid 
film. Bubbles grow in the falling liquid film and continue to grow as they are swept 
from their nucleation sites until they burst at the liquid-vapor interface and disperse 
tiny droplets into the vapor flow. The bubbles are continuously growing, sliding and 
dispersing during the nucleate boiling film evaporation. Heat transfer regime situated 
between laminar convection and nucleate boiling is named combined convection, in 
which bubbles are growing and sliding but not splashing. 
The vapor bubbles bursting at the liquid-vapor interface disturbs the shear stress 
at the liquid-vapor interface and further weaken the decisive effect of shear stress on 
the thickness of the liquid film. The authors assume that the decisive effect is replaced 
by the droplet entrainment under this condition. Besides, bubbles growing and sliding 
within the liquid film must also muss up the falling flow pattern of the liquid film; 
thus, additional with the last assumption, the change of the flow velocity of the liquid 
film, along the evaporator, is further neglected in the present study; furthermore, since 
the liquid film thickness is much less than tube inner diameter, influences of bubbles 
to the mass and thickness of the liquid film are negligible. For the nucleate boiling 
film evaporation, the equations can be expressed as: 
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where eb is the entrainment rate caused by the internal countercurrent flow, it can be 
calculated as [23]: 
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The thickness of liquid film under the combined convection film evaporation is 
assumed as the average value of laminar convection film evaporation and nucleate 
boiling film evaporation, that is: 
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The heat transfer regimes and heat transfer coefficients within the liquid film are 
respectively classified and calculated by El-Genk et al [15]: 
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where mI  is the bubble length scale, m; fN  is the viscosity number. The film 
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Introducing the droplet entrainment to improve the existing TPCT model and 
further to modify the existing CFR and the thermal resistance of TPCT are firstly 
attempted by the present study. Therefore, simplifications and assumptions are set to 
enable the implementation of the present model. The limitation and rationality are 
suggested as following: 
Firstly, one can make certain the heat transfer regime within the falling film 
according to Eqs.(21-23). Under the fully developed entrainment region, that is under 
the relatively high heat flux, the bubbles growing in the falling liquid film influence 
the mass of the liquid film like that in the pool boiling and influence the thickness of 
liquid film at the same time. However, the bubbles burst at the liquid-vapor interface 
and disperse tiny droplets into the vapor flow. Meanwhile, considering that the liquid 
film thickness is much less than the tube inner diameter and the bubbles burst rapidly. 
The influences have been diminished when the entrainment rate is included in the 
governing equations (see Eqs.(17-18)). Therefore, under the fully developed 
entrainment region, the assumptions are relatively reasonable. 
However, the present model has limitations under the low heat flux conditions, 
especially under the combined convection film evaporation. For conditions with very 
small entrainment rate or the developing entrainment regions (transition regime), Ishii 
and Kataoka [24] and Kataoka et al [25] proposed the correction factors which were 
smaller than 1 to amend the influence. But the correction factor is ignored in the 
present study on the premise that firstly, the entrainment rates are already small in 
these cases. Furthermore, droplet entrainment captured by equation (19) has a 
relatively large uncertainty under low heat fluxes. For the combined convection film 
evaporation, the bubbles are growing and sliding but not splashing. Like that in pool 
boiling, their influences to the mass and thickness of liquid film can not be ignored. 
However, to the authors’ best knowledge, theoretical models or semi-empirical 
correlations to estimate the geometries and amount of the bubbles are rare. Therefore, 
thickness of liquid film under the combined convection film evaporation is assumed 
as the average value of that under the laminar convection film evaporation and 
nucleate boiling film evaporation (see Eq.(20)). The latter is employed to reflect the 
mass reduction caused by bubbles. In a word, as validated by the simulation results, 
results under the developing entrainment regions and the combined convection film 
evaporation are close to the laminar convection film evaporation and the previous 
studies. 
2.3 Liquid pool 
The heat transfer regime within the liquid pool is usually perceived as nucleate 
boiling. However, based on the variation of wall heat flux, there are also three heat 
transfer regimes in liquid pool, namely natural convection, combined convection and 
nucleate boiling. Owing to the complexity of heat transfer in the liquid pool, 
well-accepted empirical correlations for the heat transfer coefficients, which were also 
proposed by El-Genk et al [26], are employed in the present study. However, the 
equations are not listed in this paper. 
Plenty of bubbles generate in the liquid pool during the pool boiling, their 
influences on calculating the liquid mass within the elemental volume, as well as on 
calculating the height of liquid pool, cannot be ignored. Void fraction is introduced to 
take this effect into account. The local void fraction, given by the drift flux model [27], 
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where C0 is the distribution coefficient; ( )vj x  is the local superficial velocity of 
vapor, m/s; vjV  is the area average local drift velocity, m/s. These three variables can 
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The dimensionless vapor drift velocity in Eq.(32), 
vjV
 , is in terms of the liquid 
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2.4 Criterias 
In the numerical models of El-Genk et al [16] and Jiao et al [17], the critical film 
thickness was introduced, beyond which a film dryout could occur. The length of the 
liquid film in the evaporator is thus determined on the basis of that. However, in the 
present study, since the liquid film has a probability to burst during the nucleate 
boiling film evaporation. Therefore, the critical mass flow rate is used instead. It is 
hypothesized that if the mass flow rate decreases to 1% of its initial value (exit of 
condenser), the bubbles are certain to burst [28]: 
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The flooding limit and boiling limit also preclude a TPCT from operating well. 
The boiling limit in thermosyphon is due to the film boiling, which occurs when a 
vapor film forming between the pipe wall and the liquid in the evaporator [29]. 
Correspondingly, the onset of boiling is assumed as the flow regime turns from churn 
flow to annular within the pool. Therefore, the criterion of flow pattern rather than the 
empirical equations is employed to predicate the onset of boiling, which can be 
expressed as [30]: 
 








      
 (39) 
where *vjV  is the modified Froude number. 
Flooding occurs when the upward velocity of the vapor is high enough to prevent 
the liquid film from flowing back to the evaporator due to the shear stress at the 
interface of the countercurrent liquid–vapor flow. It has been confirmed by 
visualization experiments [31] and numerical studies [22] that the onset of flooding 
occurs first at the exit of the condenser. Therefore, the onset of flooding, based on the 
numerical model, can be expressed as: 
0
conx
     （40） 
Based on the governing equations and criterias, the distribution of the thickness 
of the liquid film, as well as the void fraction and the height of the liquid pool, can be 
finally determined. The CFR, EFR and thermal resistance can also be further 
determined. The total mass of working fluid, which consists of the liquid films in the 
condenser and evaporator, the liquid pool in the evaporator and the vapor in the whole 
TPCT, can be expressed as: 
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The VFR of TPCT is expressed as: 
 c ef ep a
v eva
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The effective heat transfer coefficient of the evaporator is expressed as El-Genk 
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The overall thermal resistance of the TPCT is expressed as: 
1 1
eva i eva con i con
R
h D L h D L 
     （47） 
TPCT operates unstably when boiling limit and flooding limit occurs. According 
to Jiao et al [17], heat flux corresponding to the onset of boiling is smaller than that of 
the flooding limit. The VFR and the operation envelope between that interval, 
therefore, is not recommended, correspondingly. 
3 Model validation 
Based on the numerical model of TPCT, one can conclude that the VFR and the 
thermal resistance are mainly determined by liquid film thickness, liquid film length, 
height of liquid pool, heat flux throughput, void fraction of liquid pool and the heat 
transfer coefficients of liquid film and liquid pool. The latter three are calculated 
through empirical correlations in the present study, while the height of the liquid pool 
can be easily obtained based on the length of the liquid film. Therefore, the liquid film 
thickness along the TPCT and the heat flux play the most important roles. In the 
following, the liquid film thickness along the TPCT and the onset of flooding are 
compared and validated with the published literatures, respectively. 
Fig.4 shows the comparisons of the distributions of liquid film thickness along 
the TPCT with the same thermal boundary conditions. In the present study, two 
simulated results are compared with Shabgard et al [18]. The first one is based on the 
normal processing mode. That is, assuming that the heat transfer pattern within the 
falling liquid film in the evaporator is laminar convection film evaporation, and film 
thickness is mainly determined by interfacial shear stress. The other one is based on 
developed model on section 2.1 and 2.2, droplet entrainment is additionally 
considered in nucleate boiling film evaporation. 
 
Fig.4 Comparisons of liquid film thickness with Shabgard et al [18] 
According to Eqs. (21-28), the heat transfer regime of the falling liquid film 
within the evaporator in Shabgard et al [18] is nucleate boiling film evaporation. Fig.4 
shows that the curve without considering the droplet entrainment agrees well with that 
of Shabgard et al [18], except the points at the very end of evaporator. The film 
thickness increases and decreases like a parabola along both the condenser and 
evaporator. However, when considering the droplet entrainment, the film thickness 
linearly decreases in the evaporator. 
Fig.5 compares the numerical calculated dimensionless liquid film thickness 
( 2
iD
 ), as a function of the Reynolds number, with the experimental data. The 
maximum film Reynolds number indicates the onset of flooding. The results show 
that the predictions of the present model are in excellent agreement with the 
experimental data of Reed et al [32]. At the same time, the maximum value of the 
Reynolds number, which is 129.9 predicted by the present model, agrees well with the 
values predicted by the models of El-Genk et al [22] and Reed et al [12] (~125 and 
~145, respectively). According to the analysis of El-Genk et al [22], the higher value 
from Reed et al [12] is due to the neglecting contribution of the dynamic shear stress. 
 
Fig.5 Comparison of present and Reed et al’s experimental data [30] for the CCFL at the exit of 
the condenser 
In Fig.5, the mean error of the film thickness between the present model and the 
Shabgard et al’s model [18] is 4.58%. From Fig.5, the error of the Reynolds number at 
the onset of flooding between the present model and the El-Genk et al’s model [22] is 
3.92%. Hence, the predictions of the two most important variables in determining the 
VFR and thermal resistance, which are heat flux at the onset of flooding and thickness 
distribution of the liquid film, are reasonable; the deprecated region, which is the heat 
flux interval between onset of boiling and the onset of flooding, is also reliable. 
4 Results and Discussion 
For the numerical simulation of the CFR, EFR and thermal resistance of TPCT 
under various heat fluxes, a copper-water TPCT with the dimensions similar to 
authors’ previous work [33] is selected. The sealed filling range of a vertical TPCT 
under various heat fluxes is shown in Fig.6. As labeled in Fig.6, CFR and EFR are the 
lower and upper boundaries of the envelope, respectively. Since the relative position 
of CFR and EFR is stable, the labels are omitted in the subsequent paragraphs. The 
curves of CFR and EFR are confined by the minimum and the maximum heat fluxes. 
The maximum heat flux corresponds to the onset of the flooding. The minimum heat 
flux is set as 2500W/m2 in the present study. And then the envelope is diced by the 
boiling limit. The semi-trapezoid region between the boiling limit and the flooding 
limit is the deprecated region for practical operation. 
 
Fig.6 The sealed filling range of a vertical TPCT 
As shown in Fig.6, firstly, the EFR decreases while the CFR increases, with 
increasing the heat flux; secondly, the difference between EFR and CFR decreases 
with increasing the heat flux; the trends agree well with Jiao et al [14]. The decrease 
of EFR is resulting from the increase of void fraction in the liquid pool. However, the 
determining of CFR is relatively complex, which have to be expected with additional 
evidences, see Fig.7. 
Under the conditions of CFR and EFR, variations of the liquid film thickness at 
the exit of the condenser, the height of the liquid pool and the thermal resistance are 
presented in detail in Fig.7. It illustrates that the liquid film thickness and the thermal 
resistance gradually increase with increasing the heat flux; while the height of the 
liquid pool slightly increases as heat fluxes below 7500W/m2 and sharply increases 
after that. 
 
Fig.7 Variations of liquid film thickness, the height of liquid pool and the thermal resistance of 
TPCT with increasing the heat flux 
The increase of liquid film thickness is dominantly responsible for the increase 
of thermal resistance. Increasing the heat flux increases the liquid film thickness in the 
condenser but also increases the attenuation of liquid film thickness in the evaporator. 
The interaction of above inhibiting effect is responsible for the slight increase in the 
height of the liquid pool when heat flux below 7500W/m2. When under the high heat 
flux, the heat transfer regime within the falling liquid film in evaporator turns from 
the combined convection to the nucleate boiling. The droplet entrainment participates 
the decrease of film thickness. Meanwhile, the entrainment rate increases with 
increasing the heat flux, which drastically decreases the film thickness and thereby 
sharply increases the height of the liquid pool. The latter is responsible for the 
increase of CFR in Fig.6 and also responsible for the decrease of thermal resistance 
difference between CFR and EFR. 
4.1 Effect of condenser length 
Fig.8 shows the effect of condenser length on the filling range of TPCT, it 
indicates that increasing the condenser length: (1) increases EFR; (2) the value of heat 
flux corresponding to the onset of boiling, however, is constant; (3) increases the 
value of heat flux corresponding to the onset of flooding; (4) CFR curves are 
disordered. However, there are rules to follow. That is, the CFR increases with 
increasing the condenser length until the heat flux reaches the value corresponding to 
half of the onset of flooding. Moreover, CFR has a substantial increase near the 
flooding limit because of the increase of height of liquid pool. 
It is worth noting that increasing the condenser length not only modestly 
decreases the liquid film thickness but also increases the mass of liquid film within 
the condenser, which lead to a small upward moving of the filling range map. 
However, the increase in mass is limited; the changing gradients of CFR and EFR to 
the condenser length are, therefore, negligible. Additionally, combining (2) and (3), 
the proportion of the area corresponding to the deprecated region expands with 
increasing the condenser length. 
 
Fig.8 Effect of condenser length on the filling range of TPCT 
Fig.9 displays the effects of condenser length on the height of the liquid pool and 
the thermal resistance of TPCT. It shows clearly that the thermal resistance decreases 
with increasing the condenser length. It is because the heat fluxes at the condenser 
decrease with increasing the condenser length, which leads to the decreases of liquid 
film thickness within the condenser and evaporator and further increases the heat 
transfer coefficients at these two regions. Besides, under the same heat flux, the height 
of the liquid pool decreases with increasing the condenser length (see from the inset 
figure on the top right corner), which further decreases the thermal resistance of TPCT. 
However, the maximum height of liquid pool at CFR seems rule-less with increasing 
the condenser length. 
 
Fig.9 Effect of condenser length on the height of liquid pool and the thermal resistance of TPCT 
The effects of condenser length on the TPCT can be summarized as follows: 
increasing the condenser length, despite has no influence to the boiling limit, 
increases both the CFR and EFR and modestly increases the heat flux corresponding 
to the flooding limit.  
4.2 Effect of adiabatic length 
Fig.10 displays the effect of the adiabatic length on the filling range of TPCT, it 
indicates that increasing the adiabatic length increases both the CFR and EFR but 
insignificantly changes the operation area. It is because the adiabatic section is 
assumed as the transition section, in which the parameters unchanged and the thermal 
resistance is therefore unchanged. The mass of liquid film increases with increasing 
the adiabatic length and further increases the CFR and EFR. Similar to the effect of 
condenser length, the filling range map moves upward slightly and the changing 
gradient of CFR and EFR to the adiabatic length is negligible. 
 
Fig.10 Effect of the adiabatic length on the filling range of TPCT 
4.3 Effect of evaporator length 
Fig.11 presents the effect of evaporator length on the filling range of TPCT, it 
indicates that decreasing the evaporator length distinctly increases the useful area of 
the operation envelope and also increases the heat fluxes corresponding to boiling 
limit and flooding limit. Furthermore, increasing the evaporator length lowers the 
CFR to a small extent but elevates the EFR to a modest extent. Under the same heat 
flux, decreasing the evaporator length despite decreases the liquid film thickness; 
however, the decrease of the void fraction within the liquid pool is more decisive. The 
EFR is, therefore, modestly enlarged. For the CFR under the same heat flux, 
decreasing the evaporator length changes the heat transfer regime within the liquid 
film, for example from the combined convection to the laminar convection or from 
the nucleate boiling to the combine convection. The transition of heat transfer regime 
leads to the decrease of attenuation of film thickness, which determines a lower CFR. 
Additionally, the proportion of the area corresponding to the deprecated region also 
expands with increasing the evaporator length. 
 
Fig.11 Effect of evaporator length on the filling range of TPCT 
The effects of evaporator length on the height of the liquid pool and the thermal 
resistance are displayed in Fig.12. It reveals that under the same heat flux, decreasing 
the evaporator length distinctly decreases the thermal resistance at CFR and the height 
of the liquid pool. It is easy to understand the reason for the latter trend. As for the 
former, decreasing the evaporator length decreases both the thickness of the liquid 
film in the condenser and the height of the liquid pool. Both of them contribute to the 
decrease of thermal resistance. Despite the heat transfer coefficient within evaporator 
increases with decreasing the evaporator length, which leads to an increase in the 
thermal resistance, however, the increase is limited.  
Fig.12 also shows that the curves of thermal resistance are disordered at EFR. 
However, similar to the effect of condenser length on the CFR, there are rules to 
follow. That is, the thermal resistance at EFR increases with decreasing the evaporator 
length until the heat flux reaches the value corresponding to half of the onset of 
flooding. Besides, CFR has an evident increase near the heat flux corresponding to 
flooding limit. 
It is worth mentioning that, firstly, although the maximum heat flux apparently 
increases with decreasing the evaporator length, the maximum power throughput (W) 
changes little. The same conclusion can be found in Jiao et al [14]. Secondly, 
decreasing the evaporator length also decreases the shear stress in the evaporator, 
which precludes the attenuation of the liquid film. The interactions of above will lead 
to an impact that the height of the liquid pool equals to zero under low heat fluxes. 
This phenomenon is unique compared with other parameters. 
  
Fig.12 Effect of evaporator length on the height of liquid pool and the thermal resistance of TPCT 
4.4 Effect of the inner diameter of TPCT 
Fig.13 displays the effect of inner diameter on the filling range of TPCT. It 
elaborates that increasing the inner diameter of TPCT significantly increases the area 
of operation envelope. That is, increases the heat fluxes corresponding to boiling limit 
and flooding limit. Such an increase is because increasing the inner diameter of TPCT 
decreases the internal vapor velocity and further lowers the shear stress at the 
liquid-vapor interface. Correspondingly, the boiling limit and flooding limit occur at 
the much higher heat fluxes. Moreover, increasing the inner diameter increases the 
EFR (most of the time) and decreases the CFR, which increases the filling range at the 
same time. The decrease of CFR is caused by the decrease of liquid film thickness, 
while the increase of the EFR is caused by the decrease of void fraction in the liquid 
pool. However, the changing gradient with the inner diameter is different. The 
changing gradient of CFR is more sensitive, the smaller the inner diameter, the bigger 
the gradient; while the changing gradient of EFR is more modest. Additionally, the 
proportion of the area corresponding to the deprecated region shrinks with increasing 
the inner diameter. 
 
Fig.13 Effect of inner diameter on the filling range of TPCT 
There are two additional variations needs to be specially pointed out. Firstly, the 
EFR is not always decreased with increasing the heat flux; there is an increase near 
the end. The smaller the inner diameter, the bigger the increase. Actually, a similar 
trend can also be found in Figs.8,10,11. Such an increase is because increasing the 
heat flux corresponding to the flooding limit increases the void fraction insignificantly 
but increases the liquid film thickness significantly, which consequently raises the 
EFR. Therefore, increasing the condenser length (see Fig.8) and adiabatic length (see 
Fig.10), and decreasing the evaporator length (see Fig.11) and inner diameter (see 
Fig.13), can all magnify the fact. Secondly, the boiling limit disappears as the inner 
diameter bigger than 8.4 mm. It is because the heat fluxes corresponding to the 
boiling limit are higher than that of the flooding limit under these conditions. It further 
infer that the boiling limit, rather than flooding limit, is more sensitive to the inner 
diameter. 
The effects of inner diameter on the height of the liquid pool and the thermal 
resistance are presented in Fig.14. It shows clearly that the thermal resistance 
decreases with increasing the inner diameter. The effect is similar to that of the 
condenser length. Such a decrease is because increasing the inner diameter decreases 
the liquid film thicknesses in both the condenser and evaporator, therefore lowers the 
thermal resistance. Besides, the height of the liquid pool decreases with increasing the 
inner diameter, which further decreases the thermal resistance at CFR. However, the 
maximum height of the liquid pool at CFR, corresponding to the flood limit, seems 
also rule-less with increasing the inner diameter. 
 
Fig.14 Effect of inner diameter on the height of the liquid pool and the thermal resistance of TPCT 
4.5 Effect of vapor temperature 
Fig.15 displays the effect of vapor temperature on the filling range of TPCT. It 
indicates that increasing the vapor temperature also significantly increases the area of 
the operation envelope. That is, increases the heat fluxes corresponding to the boiling 
limit and flooding limit. It is because increasing the vapor temperature causes a 
dramatic plunge in shear stress at the liquid-vapor interface, and further obviously 
increases the heat flux corresponding to flooding limit. Moreover, increasing the 
vapor temperature increases the EFR and decreases the CFR, and therefore increases 
the filling range at the same time. The decrease of CFR can also refer to the dramatic 
plunge in shear stress, because it leads to an evident decrease in liquid film thickness. 
However, the increase of EFR is determined by the decrease of the mean void fraction 
in the liquid pool. Besides, as shown in Fig.15, the gradient of increase in EFR is 
opposite to the gradient of decrease in CFR. That is, when increasing vapor 
temperature, the curves of EFR are receding while the curves of CFR are approaching. 
However, the proportion of the area corresponding to the deprecated region is 
insensitive with increasing the vapor temperature. 
 
Fig.15 Effect of vapor temperature on the filling range of TPCT 
The effects of vapor temperature on the height of the liquid pool and the thermal 
resistance are presented in Fig.16. It shows clearly that the thermal resistance 
decreases with increasing the vapor temperature. Such a decrease is because 
increasing the vapor temperature decreases the liquid film thicknesses in condenser 
and evaporator, therefore lowers the thermal resistance. Besides, the height of the 
liquid pool also decreases with increasing the vapor temperature, which further 
decreases the thermal resistance at CFR. However, the maximum height of the liquid 
pool at CFR, corresponding to the flood limit, seems also rule-less with increasing the 
vapor temperature. 
 
Fig.16 Effect of vapor temperature on the height of liquid pool and the thermal resistance of TPCT 
4.6 Fitting of CFR 
For the applicable CFR, Streltsov [34] developed a simplified correlation, as a 
function of power throughput, geometries of TPCT and thermophysical properties of 
the working fluid, to seek its concrete value. Streltsov [34] assumed that the liquid 
film thickness increased from zero in the condenser, unchanged in adiabatic section, 
decreased in the evaporator and finally decreased to zero at the end of the evaporator. 
Moreover, evaporation process within the liquid film was assumed as the inverse 
process of filmwise condensation. Based on above assumptions, the suggested CFR 
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   (48) 
Ratios between the simulated results by present study and Streltsov [34] are 
displayed in Fig.17, in which the effects of heat flux, evaporator length, condenser 
length and inner diameter are illustrated in detail. One important proviso, the latter 
three are calculated on the basis that the heat flux equals to 5000W/m2. The results 
show that the ratio decreases with increasing the inner diameter and condenser length, 
but increases with increasing the evaporator length. Meanwhile, the ratio is 
significantly influenced by heat flux while modestly influenced by the latter three 
variables. For the former, it is because the height of the liquid pool is significantly 
determined by the heat flux. However, for the latter three, the interactions of 
inhibiting effect mentioned above lead to their modest effects on the ratio. 
 
Fig.17 Comparison of CFR between the present study and Streltsov [32] 
To sum up, for Eq. (48), ignoring the liquid pool in the evaporator (the decisive 
factor of CFR most of the time) and ignoring the interfacial shear stresses in both 
evaporator and condenser limit its applying ranges and make the prediction of CFR 
much smaller than the real situation. However, as mentioned above, the height of the 
liquid pool, as a function of geometries, is ruleless. And, also because of that, the 
authors find it is hard to acquire correlation between the present study and the Eq. 
(48).  
In most cases, the heat fluxes corresponding to the onset of boiling are lower 
than that of the flooding limit. Heat fluxes below the boiling limit are therefore 
suggested in practical applications. A fitting correlation, based on the simulated results 
of present model, is developed by the authors: 
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Note that, when applying Eq.(48), the heat flux corresponding to the boiling limit 
through Eq.(39) should be firstly calculated. However, since the heat fluxes 
corresponding to the boiling limit are smaller than that of the flooding limit when 
inner diameter is bigger than 8.4mm in the present study. The scope of Eq. (49) is 
limited as follows: 
0.3 0.9evaL  , 0.12 0.84conL  , 0.0044 0.0084iD  .  
Additionally, Eq.(49) is proposed on the premise of that the working fluid is 
water and the vapor temperature is 50 ℃.  
 
Fig.18 Comparison of CFR between the numerical study and Eq. (49) 
The comparisons of CFR, which are respectively calculated by simulation and 
Eq. (49), are displayed in Fig.18. The results indicate that, for the whole, the 
agreements are within 30%. However, for the results by varying the adiabatic length 
and evaporator length, the agreements are within 12%. The results vary much when 
varying the condenser length and inner diameter. It may due to the influence 
mechanisms of that two parameters are more complicated; it needs, however, a more 
detailed TPCT model to reveal that. 
5 Conclusions 
There are three heat transfer regimes, in dependence on the heat flux, within the 
falling liquid film in the evaporator of a TPCT. However, only the laminar convection 
film evaporation was generally postulated in the previous works. In the present study, 
the entrainment rate, which is caused by the countercurrent vapor flow during the 
nucleate boiling within the falling liquid film, is considered and introduced; and a 
governing equation is developed for the nucleate boiling filmwise evaporation. Based 
on that, a comprehensive model with considering all the three heat transfer regimes in 
the evaporator is further established. The suggested CFR and EFR are then 
determined and updated by utilizing the criterias for local dryout, flooding limit and 
boiling limit. Effects of geometries and temperature on the filling range are further 
analyzed in detail; a simplified correlation for CFR is finally proposed based on the 
numerical data. The following conclusions can be made: 
1. The predictions of the distribution of film thickness and the onset of flooding are 
in good agreement with the published experimental data and numerical simulation 
results. The droplet entrainment significantly influences the thickness and 
distribution of the liquid film. 
2. A parametric analysis is implemented to investigate the effects of vapor 
temperature, inner diameter and the lengths of the condenser, adiabatic section and 
evaporator, on the filling range and thermal performance. The most important 
influences are those of the vapor temperature, inner diameter and evaporator 
length. Increasing vapor temperature and inner diameter and decreasing the 
evaporator length significantly enlarge the filling range (between CFR and EFR), 
operation envelope (corresponding to boiling limit and flooding limit) and thermal 
performance of TPCT, despite the changes in gradient vary from each other. 
Increasing the condenser length increases the filling range and operation envelope 
to a small extent while increasing the adiabatic length slightly upward the filling 
range. 
3. The influence mechanisms of the optimum filling ratio, namely CFR, by the heat 
flux and geometries are complicated. The height of the liquid pool in the 
evaporator, which is significantly affected by the heat flux, and the interfacial 
shear stress, which is affected by the geometries of TPCT, both contribute to that. 
Within the limited scope, a simplified correlation is proposed by the authors, the 
agreement of the equation with the simulated results is within 30% on the whole. 
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